INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
15 May 2003 (15.05.2003) 




PCT 



lllllllllllllllllllli 

(10) International Publication Number 

WO 03/041266 Al 



(51) International Patent Classification 7 : H02P 9/10, 9/48 

(21) International Application Number: PCT/US02/34890 

(22) International Filing Date: 31 October 2002 (31.10.2002) 

(25) Filing Language: Eng lisn 

(26) Publication Language: En g lish 
(30) Priority Data: 



(72) Inventors: YAO, Yuan; 491 Fairview Road West, Mis- 
sissauga, Ontario (CA). LI, Mong-Hang; 100 Summer- 
dace Drive, Thomhill, Ontario (CA). VLACIC, Borka; 
108 James Young Drive, Gerogetown, Ontario (CA). HA, 
; 370 Dixon Road, #112 Etobicoke, Ontario (CA). 



60/335,340 
10/157,356 



2 November 2001 (02.1 1 .2001) US 
29 May 2002 (29.05.2002) US 



(71) Applicant: HONEYWELL INTERNATIONAL INC. 

[US/US]; 101 Columbia Avenue, P.O. Box 2245, Morris- 
: town, NJ 07960 (US). 



(74) Agents: CRISS, Roger, H. et al.; Honeywell International 
Inc., 101 Columbia Road, P.O. Box 2245, Morristown, NJ 
07960 (US). 

(81) Designated State (national): JP. 

(84) Designated States (regional): European patent (AT, BE, 
BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, IE, IT, 
LU, MC, NL, PT, SE, SK, TR). 

Published: 

— with international search report 

[Continued on next page] 



3 (54) Title: A CONTROL SYSTEM FOR REGULATING EXCITER POWER FOR A BRUSHLESS SYNCHRONOUS GENER- 



Biushless Synchronous Generator 



fN 
© 



© 

0 




(57) Abstract: A control system regulates power 
to a brushless synchronous generator (BSG) (204) 
having a permanent magnetic generator (PMG) 
(210), an exciter (208) and a main generator (206) 
connected to a rotating shaft (212). The generator 
control unit (GCU) (202) includes a three phase 
rectifier (214), a PMG voltage regulator (222), a 
generator control relay (GCR) (220), a GCU power 
supply (216) with a backup power source (217), 
a field switch driver (218), a field switch (219), 
and a free wheeling diode (221). The BSG (204) 
is connected to the GCU (202) by coupling the 
PMG (210) of the BSG (204) to the three phase 
rectifier (214) of the GCU (202) and by coupling the 
exciter (208) of the BSG (204) to the PMG voltage 
regulator (222) and the field switch driver (218) 
of the GCU (202) and the PMG voltage regulator 
(222) regulates the voltage of the PMG (210). 
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A CONTROL SYSTEM FOR REGULATING EXCITER POWER FOR A 
BRUSHLESS SYNCHRONOUS GENERATOR 

RELATED APPLICATION 
[0001] This application claims priority under 35 U.S.C. §1 1 9(e) of 
U.S. Provisional Application No. 60/335,340 filed on November 2, 2001, 
the entire contents of which are herein incorporated by reference. 

FIELD OF THE INVENTION 
5 [0002] The present invention relates to a control system for 
regulating exciter power for a brushless synchronous generator. 

BACKGROUND OF THE INVENTION 
[0003] In many aircraft and other airborne systems, AC power is 
generated from a brushless synchronous generator. Fig. 1 illustrates a 

10 conventional configuration of a brushless synchronous generator 
excitation power arrangement connected to a generator control unit. 
[0004] A brushless synchronous generator 1 04 will typically include 
three types of alternating current (AC) synchronous generators: a main 
generator 106; an exciter 108; and a permanent magnetic generator 

15 (PMG) 1 10 connected to the same rotating shaft 1 1 2. The exciter 108 is 
used to achieve brushless excitation and the PMG 1 10 is the power 
source providing power to the exciter 1 08 and a generator control unit 
(GCU) 102. 

[0005] As shown in Fig. 1 , the GCU 1 02 contains a three phase 
20 rectifier 1 1 4, a generator control relay 1 20, a power supply 1 1 6, a field 
switch 1 1 9 and a field switch driver 118. The power supply 1 1 6 is 
provided with backup power 123. A free wheeling diode 1 17 is 
connected between line 1 1 3 and line 115. Line 1 1 3 connects an output 
line of the three phase rectifier 1 14 with one end of the stator winding of 
25 the exciter 108. Line 1 1 5 connects the field switch 1 19 to the other end 
of the stator winding of the exciter 108. The three phase rectifier 1 14 is 
electrically coupled to the PMG 1 12 and the exciter 108. 
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[0006] In Fig. 1 , the PMG power is input to the GCU 1 02. In the 
GCU 1 1 2, the three-phase PMG AC power is scaled and rectified in the 
three phase rectifier 114. When the field switch 1 19 is ON, the free 
wheeling diode 1 17 is reverse biased and is in a blocking state. When the 
field switch 1 1 9 is OFF, the free wheeling diode is forced on and the 
diode creates a free-wheeling path for excitation energy from the exciter 
1 08 stator coil. The rectified PMG power is fed to the exciter stator coil 
to excite the generator. Since the exciter power is only rectified before 
being input to the exciter 108, its voltage level varies with generator 
speed. When the generator control relay 1 20 closes, a connection from 
the three-phase rectifier 1 14 is made and exciter power flows to a coil of 
the exciter 108. 

[0007] In an AC generator, the generated voltage varies with the 
rotating speed of the generator. In constant frequency electric power 
systems where the generator speed is almost fixed, the output voltage 
from the PMG changes very little. Therefore, after applying rectification 
and scaling, the PMG power can be controlled to energize the exciter. 
[0008] However, in recent years, variable frequency (VF) power 
systems have gained in popularity and applications. In a VF power 
system, the non-constant PMG voltage can cause problems. In a VF 
power system, the speed of the generator varies with the engine speed, 
thereby causing the PMG output voltage to randomly change or vary over 
a wide range. 

[0009] In a conventional configuration, the supply voltage to the 
exciter will vary in the same manner as the generator speed varies. A 
generator exciter requires higher field or excitation currents when the 
generator speed is low or the load on the generator is high. Conversely, a 
generator exciter requires lower field or excitation currents when the 
generator speed is high or its load is low. Because the PMG voltage is 
proportional to the generator speed, a high exciter power supply voltage 
can cause control difficulty. For example, the generator may not work 
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properly or at all under certain operating conditions, such as high-end 
speed and light load condition. 

[0010] Therefore, it is desirable to have regulated exciter power for 
a brushless synchronous generator that solves the aforementioned 
5 problems. 

SUMMARY OF THE INVENTION 
[001 1] In accordance with the present invention, the deficiencies in 
prior systems are overcome by providing an improved control system for 
regulating exciter power for a brushless synchronous generator. 

10 [0012] A control system includes a brushless synchronous generator 
(BSG) having a permanent magnetic generator (PMG), an exciter and a 
main generator that are connected to a rotating shaft. A generator 
control unit (GCU) modulates a generator excitation source voltage 
according to load and speed conditions, to maintain a constant output 

15 voltage at the point-of-regulation (POR). A rectifier converts alternating 
current to direct current. The rectifier can be a three phase rectifier. A 
voltage regulator controls an output voltage level based upon the power 
requirement of the exciter. A field switch maintains a field current 
through an exciter stator winding under load and speed conditions. A free 

20 wheeling diode modifies exciter power in reference to a field current 
component controlled by the field switch. 

[0013] The BSG is connected to the GCU by coupling the PMG of 
the BSG to the three phase rectifier of the GCU and by coupling the 
exciter of the BSG to a PMG voltage regulator. The PMG voltage 

25 regulator regulates the DC voltage converted from the PMG. 

[0014] The PMG voltage regulator further includes a direct current 
(DC) to direct current (DC) converter. In one implementation, a variable 
DC voltage is input into the DC to DC converter, a current signal from a 
constant DC voltage output line is output from the DC to DC converter 

30 and fed back through a current conditioning circuit and then input into the 
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DC to DC converter for short circuit protection. The voltage signal from 
the constant DC voltage output line is also output from the DC to DC 
converter and fed back through a voltage feedback circuit and then input 
into the DC to DC converter. This feedback of the voltage signal in 
conjunction with the input from the voltage reference helps maintain a 
stable output from the DC/DC converter. 

[0015] An output voltage level of the PMG voltage regulator is 
based on the power requirement of the generator exciter. The PMG 
voltage regulator receives a rectified PMG voltage as input, and in one 
implementation, performs voltage regulation using a switching-mode step- 
down DC/DC converter. The rectified PMG voltage is regulated with the 
DC/DC converter and the DC power applied to the exciter is independent 
of the generator speed. The DC power applied to the exciter is a constant 
voltage source and is independent of the generator speed. 
[0016] The present invention offers numerous advantages over the 
conventional design. First, the generator exciter power supply is constant 
over the entire speed range. This will eliminate the out of regulation 
problem due to the too narrow duty-cycle of the generator at high speed 
and light load conditions. The generator voltage regulator maintains the 
POR voltage by modulating the DC input power of the exciter, i.e. by 
varying duty-cycle of the field switch. The modulation duty-cycle of the 
field switch varies with one of the following factors: (1) load on the 
generator: the less the load on the generator, the lower the duty-cycle 
required; (2) the generator speed: a generator operating at a higher speed 
i requires less excitation current or a lower duty-cycle; and (3) the power 
supply voltage level. The modulation duty-cycle is inversely proportional 
to the power supply voltage level. At high speed the PMG produces a high 
output voltage. Therefore, to keep the excitation current at the level 
needed, the duty-cycle has to be reduced. 
3 [0017] As described above, the modulation duty-cycle decreases as 
the load on the generator is reduced or the generator speed increases. 
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The generator becomes uncontrollable once the duty-cycle is too low 
(near zero), causing instability whether the field switch switches at fixed 
or non-fixed frequency. Secondly, because the exciter power supply 
voltage is constant, the control design of the generator voltage regulator 
is easier. Thirdly, in the case when a voltage will rise less dramatically 
because the exciter power supply voltage is not very high, the 
containment and management of an overvoltage condition is facilitated. 
Also, the present invention makes it easier to convert a 28Vdc for the 
GCU internal power supply because the input voltage is held constant. 

RRIFF DESCRIPTION OF THE DRAWINGS 
[0018] A more complete understanding of the present invention will 
become apparent from the following description taken in conjunction with 
the accompanying drawings, wherein: 

FIG. 1 is a schematic illustration of a conventional configuration of 
a brushless synchronous generator excitation power arrangement; 

FIG. 2 is a schematic illustration of an exemplary embodiment of a 
generator control unit for regulating exciter power to a brushless 
synchronous generator; and 

FIG. 3 is a schematic illustration of a PMG voltage regulator 
according to one implementation of the present invention. 

RFTAILED DESCRIPT ION OF THE PRF FERRED EMBODIMENTS 
[0019] Aspects of the invention are disclosed in the accompanying 
description. Alternate embodiments may be devised without departing 
from the spirit or the scope of the invention, 
i [0020] Fig. 2 illustrates one exemplary embodiment of the present 
invention. In Fig. 2, a brushless synchronous generator (BSG) 204 
includes a PMG 21 0, an exciter 208 and a main generator 206 that are 
connected to a rotating shaft 212. 

[0021] Also shown in Fig. 2, a generator control unit (GCU) 202 
D includes a three phase rectifier 21 4, a PMG voltage regulator 222, a 
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generator control relay (GCR) 220, a GCU power supply 216 with a 
backup power source 217, a field switch driver 218, a field switch 219 
and a free wheeling diode 221 connected between lines 223 and 225. 
Line 223 connects an output of the PMG regulator 222 to one end of the 
5 stator winding of the exciter 208. Line 225 connects the field switch 
21 9 to the other end of the stator winding of the exciter 208. The free 
wheeling diode 221 modifies exciter power output from the PMG 
regulator 222 in reference to a field current component output from the 
field switch 219 and field switch driver 218. When the field switch 219 
10 is ON, the free wheeling diode 221 is reverse biased and is in a blocking 
state. When the field switch 219 is OFF, the free wheeling diode 221 is 
forced on and the diode 221 creates a free-wheeling path for excitation 
energy from the exciter 208 stator coil. 

[0022] The BSG 204 is connected to the GCU 202 by coupling the 
15 PMG 21 0 of the BSG 204 to the three phase rectifier 21 4 of the GCU 
202 and also coupling the exciter 208 of the BSG 204 to the PMG 
regulator 222 and the field switch driver 218 of the GCU 202. 
[0023] In Fig. 2, the rectified PMG voltage is regulated with a 
DC/DC converter (300 of Fig. 3 discussed later) so that the DC power to 
20 the exciter 208 is independent of the generator speed. Therefore, the 
exciter 208 is powered from a constant voltage source regardless of the 
generator speed. As a result, the generator voltage can be regulated 
throughout the entire speed range without complex control compensation. 
When the generator control relay 220 closes, a connection from the three- 
25 phase rectifier 21 4 is made and exciter power flows to a coil of the 
exciter 208. 

[0024] The output voltage level of the PMG regulator 222 is based 
upon the power requirement of the exciter 208. Although the input 
voltage to the exciter 208 is constant in this invention, the voltage level 
30 still needs to be optimized in order to achieve better system performance. 
The voltage should be chosen so that the PMG regulator 222 will produce 
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adequate power to the exciter 208 during the worst case of load-added 
transients at low-end generator speed, and also so that at high-end 
generator speed the exciter field switching duty-cycle will not be at too 
low a level for operating at the designated switching frequency. A low 
exciter input voltage will cause a sluggish transient at low-end generator 
speed. Further, care should be taken so that at high-end generator 
speeds, the exciter field switching duty-cycle will not be too low at the 
selected switching frequency. The worst case scenario is no-load 
operation at the highest possible operating speed. The exciter input 
voltage level should be chosen so that the duty-cycle of the generator will 
be no less than 10% under this condition. A low exciter input voltage will 
cause a sluggish transient performance at low speed. Too high of an 
exciter input voltage selected will result in the loss of switching pulses or 
system instability. 

[0025] The regulated voltage level of the exciter power supply 
depends on the generator rating, operation speed range and generator 
design. For a 1 50kVA 1 2000rpm-24000rpm generator, the regulated 
exciter power can be in the range of 50-80Vdc, depending on the 
generator design. 

[0026] In Fig. 3 a detailed view of the PMG voltage regulator 222 
according to an exemplary implementation of the invention is shown. The 
rectified (variable) PMG voltage 302 is input and regulated with a DC/DC 
converter 300 so that the DC power to the exciter is independent of 
generator speed. In one exemplary embodiment of the present invention, 
the DC/DC converter 300 can be a switching mode converter. A 
switching mode converter A voltage reference 314 is also input into the 
DC/DC converter 300. Those skilled in the art will appreciate that there 
are different types of switching mode converters and converter topologies 
that can be used to convert unregulated DC voltages to regulated or 
variable DC voltages at the output. A voltage reference 314 is also input 
into the DC/DC converter 300. 
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[0027] A current signal 306 from a constant DC voltage output line 
304 is output from the DC to DC converter 300 and fed back through a 
current conditioning circuit 310 and input 31 1 into the DC/DC converter 
300. Additionally, a voltage signal 308 from the constant DC voltage 
5 output line 304 is output from the DC to DC converter 300 and fed back 
through a voltage feedback circuit 31 2 and input 31 3 into the DC to DC 
converter 300. 

[0028] In Fig. 3, the PMG voltage regulator 222 takes the rectified 
PMG voltage as input and performs voltage regulation with a switching- 
10 mode step-down DC/DC converter 300. The 28 Vdc power supply for 
GCU internal power can be located inside the PMG regulator block 222 in 
Fig. 2 if a multi-output transformer is used. 

[0029] In Fig. 3, the dashed line 305 represents the separate 28Vdc 
output tap from the DC/DC converter 300 if a multi-output transformer is 
15 used. If there is no multi-output transformer in the DC/DC converter, the 
28Vdc power has to be converted from the main output (solid line) using 
a separate DC/DC converter. 

[0030] In Fig. 3, a current conditioning circuit 310 is provided to the 
current signal 306 returning from the constant DC voltage output line 304 
20 and feeding back 31 1 into the DC/DC converter. 

[0031] The output voltage level of the PMG regulator 222 is based 
upon the power requirement of the exciter 208. The exciter power supply 
. voltage is constant regardless of the generator speed. As a result, the 
generator can be regulated throughout the entire speed range without 
25 complex control compensation. 

[0032] In implementing the present invention, all primary topologies 
of a step-down DC/DC converter can be used, but the transformer- 
isolated type should be considered first, because in a variable frequency 
(VF) system, the input voltage to the DC/DC converter can be 200-300 
30 Vrms high. Consequently, a failure mode of straight short circuit between 
input and output circuit can be severe. The use of a transformer isolated 
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design topology will prevent the output circuit and loads of the PMG 
voltage regulator from damage by the high voltage. Furthermore, a 
transformer helps achieve a high ratio of input/output voltage in one step, 
even if the generator speed range is a wide one. A two-stage step-down 
5 conversion is required when using a non-transformer isolated converter in 
some wide range VF systems. Additionally, the above referenced 
topology facilitates obtaining multilevel voltage outputs from the same 
converter. The 28 Vdc GCU internal power can be produced from the 
same converter. 

10 [0033] For larger generators and applications, the DC power required 
by the exciter can be large (e.g., 300 W). In this case, a double-end 
converter should be preferred because the switch peak current and power 
loss in individual switches are lower. 

[0034] As mentioned earlier, Fig. 2 shows a power supply 21 6. 
15 When a power supply supplies power to an exciter, power quality 

considerations such as ripple and voltage regulation are not critical design 
parameters. For example, one design choice can be that of using a filter 
to reduce electromagnetic interference (EMI). Voltage-mode control 
should provide adequate control for its output voltage. 
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WHAT IS CLAIMED IS: 

1 . A control system (202) for controlling exciter (208) power of 
a generator (206) and modulating a generator excitation source voltage 
according to load and speed conditions including a brushless synchronous 
5 generator (BSG) (204) having a permanent magnetic generator (PMG) 
(210), an exciter (208) and a main generator (206) that are connected to 
a rotating shaft (212) and comprising: 

a rectifier (214) for converting alternating current to direct 

current; 

io a voltage regulator (222) for controlling an output voltage 

level based upon a power requirement of said exciter (208); 

a field switch (219) for maintaining a field current through an 
exciter stator winding under said load and speed conditions; and 
a free wheeling diode (221) for modifying exciter power in 
15 accordance with a field current component controlled by said field switch 
(219); 

wherein said BSG (204) is connected to said GCU (202) by 
coupling said PMG (210) of said BSG (204) to the rectifier (214) of said 
GCU (202) and by coupling said exciter (208) of said BSG (204) to said 
20 voltage regulator (222) and said field switch driver (218) of said GCU 
(202) and said voltage regulator (222) regulates the voltage of the PMG 
(210). 

2. The control system of claim 1 wherein the rectifier (214) is a 
three phase rectifier. 
25 3 . The control system of claim 1 wherein the voltage regulator 

(222) is a PMG voltage regulator and said PMG voltage regulator further 
comprises a direct current (DC) to direct current (DC) converter. 

4. The control system of claim 3 wherein a variable DC voltage 
(302) is input into said DC to DC converter (300) and a current signal 
30 (306) from a constant DC voltage output line (304) is output from said 
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DC to DC converter (300) and fed back through a current conditioning 
circuit (310) and then input into said DC to DC converter (300). 

5. The control system of claim 3 wherein a voltage signal from 
said constant DC voltage output line (304) is output from said DC to DC 

5 converter (300) and fed back through a voltage feedback circuit (31 2) and 
then input into said DC to DC converter (300). 

6. The control system of claim 3 wherein an output voltage 
level of the PMG voltage regulator (222) is based on the power 
requirement of the generator exciter. 

10 7. The control system of claim 3 wherein the PMG voltage 

regulator (222) receives a rectified PMG voltage as input and performs 
voltage regulation using a switching-mode step-down DC/DC converter 
(300). 

8. The control system of claim 3 wherein a rectified PMG 
15 voltage is regulated with a DC/DC converter (300) and the DC power 

applied to said exciter (208) is independent of said generator (206) speed. 

9. The control system of claim 8 wherein the DC power applied 
to said exciter (208) is a constant voltage source. 

10. The control system of claim 3 wherein the PMG voltage 
20 generated is independent of generator (206) speed. 

11. The control system of claim 3 wherein the DC/DC converter 
(300) is a transformer isolated DC/DC converter. 

12. The control system of claim 3 wherein the DC/DC converter 
(300) uses two-stage step-down conversion. 

25 1 3. The control system of claim 3 wherein the DC/DC converter 

(300) is a double-end converter. 
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